An insufficiency of accessible allograft tissue for corneal transplantation leaves many impaired by untreated corneal disease. There is promise in the field of regenerative medicine for the development of autologous corneal tissue grafts or collagen-based scaffolds. Another approach is to create a suitable corneal implant that meets the refractive needs of the cornea and is integrated into the surrounding tissue but does not attempt to perfectly mimic the native cornea on a cellular level. Materials that have been investigated for use in the latter concept include natural polymers such as gelatin, semisynthetic polymers like gelatin methacrylate, and synthetic polymers. There are advantages and disadvantages inherent in natural and synthetic polymers: natural polymers are generally more biodegradable and biocompatible, while synthetic polymers typically provide greater control over the characteristics or property adjustment of the materials. Additive manufacturing could aid in the precision production of keratoprostheses and the personalization of implants.
Introduction
The cornea has important protective and refractive roles which are supported by its transparent, avascular structure. Its anterior position allows it to transmit and refract light entering the eye and also protect the eye from mechanical damage, infection, and ultraviolet (UV) radiation. 1 Because of this, its dysfunction can lead to significant visual impairment. Diseases of the cornea have a significant impact on visual health globally. Collectively, they are the fourth leading cause of bilateral blindness worldwide, following cataracts, glaucoma, and age-related macular degeneration. Corneal diseases are estimated to affect between four and eight million individuals, the majority of whom live in developing countries. 2, 3 The leading causes of corneal dysfunction include trachoma (involving scarring and vascularization of the cornea), ocular trauma, corneal ulceration, and infections, such as those due to herpes simplex virus. 3 Due to the lack of effective medical treatments for corneal disease, keratoplasty (corneal transplant) remains the definitive treatment for corneal blindness. In 2016, 82,994 corneal grafts were performed using tissue supplied by US eye banks. 4 This includes penetrating keratoplasties (PKs), anterior lamellar keratoplasties (ALKs), endothelial keratoplasties (EKs), keratolimbal allografts, and keratoprosthesis (K-Pro) placement. In recent years, the performance of EKs has increased, while that of PKs has decreased; since 2012, EKs have outnumbered PKs in the United States. 4 The use of living tissue from donors is the mainstay of current corneal transplant technique and these visionrestoring procedures benefit many individuals. There are some drawbacks to the use of donor tissue in keratoplasties, although they are significantly reduced in comparison with other allografts due to the relative immune privilege of the cornea and anterior chamber. Despite this, Stulting et al. 5 found that 23% of keratoplasty patients experienced at least one rejection event within 5 years post-op, with pseudophakic or aphakic corneal edema and female gender being risk factors for rejection. In addition, it is reported that the tissue available is only sufficient for approximately 1 in 70 patients in need of corneal transplant worldwide, and that about 53% of the global population has no access to corneal transplantation. 6 Other difficulties with corneal allografts include their relatively high cost and inconveniences surrounding the safe extraction, storage, and transportation of living tissue.
While the use of biomaterials and the incorporation of a transplant recipient's own cells in tissue engineering could resolve the problem of rejection, it may not address the issues of cost and inaccessibility; however, such investigations remain of paramount importance and will likely contribute to the advancement of keratoplasty technique and improve the options available to patients. Thus, there is significant potential for the development of artificial corneas from synthetic/non-living materials. The most commonly used synthetic cornea is the Boston Keratoprosthesis with more than 4500 having been placed worldwide, which individually retailed as of 2010, at US$5000. 7, 8 The Boston Keratoprosthesis is generally reserved for use in cases that are refractory to treatment with allograft placement, exhibiting multiple graft rejections. The efficient production of synthetic corneas could reduce the expenses associated with allografts and currently available prostheses. Synthetic corneas would also have the distinct advantage, from a global health perspective, of requiring little accommodation during transportation as compared to living grafts. This article will explore the synthetic materials that have been investigated, and the potential utilization of three-dimensional (3D) printing in streamlining and personalizing the production of synthetic keratoprostheses.
Methodology
All articles and resources referenced herein were accessed between 1 November 2017 and 5 January 2018 and located through PubMed/MEDLINE database and Google searches using the listed keywords.
Materials
Various materials are currently being studied that have the potential to serve either as corneal prostheses or scaffolds on which cells can attach. Chen et al. 1 recently reviewed these materials and their applicability to corneal transplants. Their investigation covered both natural and synthetic polymers, namely, collagen, silk, gelatin, chitosan, decellularized cornea, thermal responsive polymers, and other synthetic polymer hydrogels. Our intent is to explore those materials which have the greatest potential to be used to 3D print complete, non-cell-based keratoprostheses for utilization in PK.
Natural polymers
Gelatin is an inexpensive, natural polymer derived through hydrolysis denaturation of collagen. While modifiable to an extent, gelatin maintains its cell-binding motifs such as arginyl-glycyl-aspartic acid (RGD) and matrix metalloproteinase (MMP)-sensitive degradation sites. [9] [10] [11] [12] The primary methods of cross-linking gelatin include dehydrothermal and chemical processes. Dehydrothermal cross-linking results in improved transparency, elastic modulus, and albumin permeability compared to collagen. 1 The gelatin produced in this manner also accommodates normal expression of ZO-1, Na+/K+-ATPase, and N-cadherin by seeded primary human corneal endothelial (HCEn) cells. 1, 13 Chemical cross-linking using glutaraldehyde has been shown to produce gelatin that is conducive to the adherence of fibroblasts and their precursors and extracellular matrix (ECM) deposition in rabbits. 14 Cross-linking of EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) and NHS (N-hydroxysuccinimide) in gelatin formation allows for variability in particular characteristics of the polymer, such as porosity, Young's modulus, and swelling ratios. 1, 15 EDC cross-linking has also been shown to allow for the incorporation of other components such as heparin which increases the absorption and release of basic fibroblast growth factors (bFGF). 16 Niu et al. 16 demonstrated that with the scaffold formed using EDC cross-linking, HCEn cells can be effectively grown, morphology and function are maintained, and the scaffold fuses with the native stroma. Chondroitin sulfate (CS) is another structural component that has been incorporated into gelatin, with the effect of enhanced water content, glucose permeation, fibronectin absorption, and stimulation of cultivated keratocyte biosynthetic activity. 17 
Semisynthetic polymers
Gelatin methacrylate (GelMA) has potential as an implantable tissue material due to its combination of many of the advantageous qualities of natural and synthetic polymers such as the retained cell-binding motifs and degradation sites of gelatin and the stability and modifiable physical characteristics of synthetic biomaterials. 1 Production of GelMA involves radical polymerization with a photoinitiator and has been described as a 1-to 2-week process. 18 VA-086 (2,2ʹ-azobis[2-methyl-N-(2-hydroxyethyl)propionamide]) has been specifically noted to be an appropriate photoinitiator in the presence of a UV LED source for the cross-linking of cell-laden GelMA; increased concentrations of gelatin resulted in shorter polymerization times and enhanced rheological properties. 19 A composite hydrogel made up of poly(ethylene glycol) dimethacrylate (PEGDMA) and GelMA was synthesized in varying concentrations by Kim et al. 20 and may represent a suitable material for tissue graft procedures due to the tunability and reproducibility conferred by the synthetic polymer PEGDMA and the capability to endothelialize inherent in the semisynthetic GelMA.
In studying GelMA microparticles with a wide range of cross-linking densities (15%-90%), Nguyen et al. 21 observed that less methacrylation of microparticles corresponded with decreased elastic moduli and increased mesh sizes, while increased methacrylation correlated with greater moduli and smaller mesh sizes. Shirahama et al. 22 noted that a low feed ratio of methacrylic acid (MAA) to gelatin enabled optimal GelMA synthesis in a single pot. Cross-linking density was inversely related to degradation rate, and lower densities enabled greater growth factor holding and release of bone morphogenic protein 4 (BMP4) and bFGF upon collagenase treatment. 21 Bertassoni et al. 23 used direct-write bioprinting of photolabile, cell-laden GelMA hydrogels at concentrations ranging from 7% to 15% and noted that the printability of the polymer bores a direct relationship to the mechanical properties of the hydrogel. Successful bioprinting of methacrylate ethanolamide gelatin and methacrylated hyaluronan has also been reported. 24 Hybrid hydrogel systems can also be formed with desired properties and characteristics through the combination of GelMA with nanoparticles such as graphene oxide and carbon nanotubes. 25 The production of hybrid cross-linked GelMA hydrogel (GelMA+) with an eightfold improvement on GelMA in mechanical strength due to decreased pore size and greater uniformity, as well as good support of HCEn cells, has been reported. 26 GelMA+ is the result of physical cross-linking, through incubation of the prepolymer solution at 4°C for 1 h, followed by UV crosslinking. GelMA+ films seeded with HCEn cells and transplanted into rabbit models demonstrated good cell viability. 1, 26 GelMA has been combined with a variety of different polymers and in conjunction with various carbonbased composites in attempts to confer specific qualities on the resulting mixtures. Such efforts may enable the efficient use of semisynthetic polymers in many biomedical applications. [27] [28] [29] [30] [31] [32] [33] [34] [35] 
Synthetic polymer hydrogels
Many synthetic polymers have been employed in the study and production of keratoprostheses. One of the primary difficulties encountered in the synthesis and implantation of fully synthetic artificial corneas is their inability to integrate properly with native cells. Due to this complication, most keratoprostheses employ the "core and skirt" design ( Figure 1 ) which involves a transparent core that is surrounded by porous material that enables host cellular association and the anchoring of the prosthesis through fibroblast in-growth. 36 Poly(methyl methacrylate) (PMMA) was the first synthetic polymer to be used in artificial cornea construction, and the introduction of the "core and skirt" model slightly improved the rate of successful prosthokeratoplasties. However, insufficient host tissue integration into the prosthetic skirts remains one of the significant barriers to the creation of a scalable keratoprosthetic design successful in the majority of cases. 37 A variety of porous skirt designs have been developed with varying levels of success reported. In general transplantation, hydrophilic materials and/or those of high porosity were associated with improved host cell integration; in the context of artificial corneas, materials with small pores and without long, oriented attachment surfaces are most accommodating of an advantageous healing process without angiogenesis or fibrous capsule formation. [37] [38] [39] [40] [41] It is notable that keratoprostheses can fail due to retroprosthetic membrane formation and calcification in addition to the more general keratoplasty complications of infection, glaucoma, and retinal detachment. 36 Synthetic keratoprostheses have historically carried increased risk of microbial infection or prosthesis protrusion due to their inability to support intact epithelium establishment. 42 Extrusion of the keratoprosthesis is largely due to necrosis around the edge of the prosthesis and consequent dislodging. 37 Legeais et al. [43] [44] [45] [46] [47] [48] developed two distinct generations of artificial corneas with porous skirts, of which one is marketed in Europe. 37 This second generation of keratoprosthesis consisted of a polyvinylpyrrolidone (PVP)-coated polydimethylsiloxane core fused to an expanded polytetrafluoroethylene (PTFE) skirt. 48 This artificial cornea was reportedly successful in human clinical trials, although the authors did note that a lack of epithelial formation over the optical interface likely contributed to a lack of long-term stability of the implant. 37, 48 Poly(vinyl alcohol) (PVA) has been explored for its potential use in keratoprostheses. In efforts to enable The skirt is to enable the implant to integrate into the host tissue and allow host cells to associate with it either through surface modification or use of a highly biocompatible/ biodegradable material.
epithelial association, type I collagen (Col I) has been immobilized onto PVA to form a PVA-Col I scaffold. Miyashita et al. 42 found that such a scaffold supports epithelial growth and that the resulting prosthesis is suturable in the rabbit cornea. The use of electrospinning and surface modification in PVA nanofiber production process is associated with improved mechanical anchoring of the epithelial cell layer. 49 The transmissibility of light through PVA-based artificial corneas has not yet been shown to be sufficient for optimal vision.
Another synthetic polymer that has received some attention in artificial cornea research is poly(2-hydroxyethyl methacrylate) (PHEMA). Early use of PHEMA in artificial cornea construction involved the glow discharge polymerization of PHEMA onto a silicon membrane, with good corneal epithelial cell migration onto the resulting prosthesis noted. 50 Chirila and colleagues 37, [51] [52] [53] [54] reported good results with a keratoprosthesis comprised entirely of PHEMA of varying texture: an opaque sponge for the porous skirt and a transparent gel for the core. The PHEMA sponge component was synthesized through phase-contrast polymerization in aqueous solution, and a permanent joint was established between the differing components. The greatest success was observed with the slightly smaller (7 mm diameter, 0.5 mm thickness) "type II" implant in which the skirt material passed through the entire depth of the prosthesis rather than only sitting on the anterior aspect as in the "type I" design. In the initial human trial, 9 of the 10 implants were still functional and intact during the reported follow-up period which ranged from 1 to 23 months; the rejected implant was reversed to a graft due to recurrent inflammation of the cornea. 37 Calcification of PHEMA sponges is a potentially concerning complication; it appears that calcium-chelated plasma cell adsorption onto the sponge surface, establishment of nucleation sites for calcium phosphate crystallization, and spontaneous calcium phosphate precipitation due to low water content all contribute to the calcification of PHEMA implants. 55 Sinha and Gupte 56 recently reported promising results with a PHEMA graft that incorporated graphite into the skirt into which pores were introduced through a salt leaching process using sodium chloride. The optimal water content of the polymeric film was determined to be 50% at which a refractive index of 1.4 was achieved. Optimal porosity through optical and scanning electron microscopy and corresponding adjustment of salt concentration enabled production of keratoprostheses with suitable mechanical strength, water vapor transmission rate, and degradation behavior. Cell adhesion appeared to be encouraged by the incorporation of graphite into the skirt, with cell adhesion being observed in the skirt region and not on the optical core. 56 Grafting of phosphate groups onto PHEMA hydrogels using atom transfer radical polymerization (ATRP) has also been shown to support the attachment and growth of human corneal epithelial cells (HCECs). 57 Yanez-Soto and colleagues 58, 59 have investigated the potential of biochemically and topographically engineered poly(ethylene glycol) diacrylate (PEGDA) hydrogels in keratoprostheses. They observed that corneal epithelial wound healing was increased by 50% in hydrogel substrates containing specific bioligands in comparison with those without. 59 An example of such topographic surface functionalization is the incorporation of the RGD integrinbinding peptide. 58 The importance of surface modification of synthetic polymers as substrates was echoed by Kim et al. 60 who coated poly(lactic-co-glycolic acid) (PLGA) with type I collagen (Col I). By analyzing the material using field emission scanning electron microscopy (FESEM), atomic force microscopy (AFM), Fourier-transform infrared spectroscopy (FTIR), and contact angle analysis, it was determined that the Col I-PLGA film is of suitable structural and morphological construction for corneal implantation: exhibiting transparency, appropriate hydrophilicity, stability, and good water uptake. In addition, the Col I-PLGA films demonstrated higher Ra (nm) values (indicating increased roughness or improved surface texture) as compared to plain PLGA films. Rabbit corneal endothelial (RCEn) cells cultured on the Col I-PLGA films exhibited enhanced initial attachment, proliferation, and expression of messenger RNAs (mRNAs) as compared to plain PLGA films in addition to adopting the desired polygonal shape characteristic of their cell type. 60 Poly(ethylene glycol)/poly(acrylic acid) (PEG/PAA)-based hydrogels have also shown promise for use in keratoprostheses as highly refractive materials. PEG/ PAA-interpenetrating polymer network (IPN) hydrogels have been created that exhibit glucose permeability almost identical to that of the human cornea (~2.5 × 10 −6 cm 2 /s) which were reported to be well tolerated when implanted in rabbits in 9 out of 10 cases up to 14 days. 61 Hartmann et al. 62 reported inflammation and corneal hazing related to the implanting of inlays based on a PEG-diacrylate precursor. However, PEG/PAA IPN hydrogel implants with the acrylate groups modified to stable acrylamide functionalities exhibited significantly improved biocompatibility under hydrolytic conditions with implanted rabbits exhibiting clear eyes and lack of inflammation up to 6 months post-op. An IPN hydrogel containing zinc sulfide (ZnS) nanoparticles covalently linked to PHEMA combined with PAA is reported to exhibit desirable qualities for keratoprostheses with high refractive indexes of 1.65 (dry) and 1.49 (hydrated) with observed variation due to water content, an equilibrium water content of 60.2%, and minimal cytotoxicity toward primary epidermal keratinocytes. 63 The same group that reported on the ZnS/PHEMA/PAA hydrogel also developed hydrogel nanocomposites comprising ZnS, PVP, and poly-dimethylacrylamide (PDMAA) with similar characteristics. 64 Regardless of the synthetic polymer that is used in corneal prostheses, the literature indicates that some sort of surface or structural modification appears to be necessary to enable appropriate integration of the host tissue (Table 1) .
3D printing
Inkjet, extrusion-based, and laser-assisted printing are three commonly used techniques in additive manufacturing. 65 Inkjet and extrusion printing may have particular efficacy in the printing of corneal implants or tissues. Inkjet printing involves the deposition of small droplets of material in precise locations. Inkjet printing may be useful in cell-based efforts: in investigating the possibility of printing retinal cells, Lorber et al. 66 successfully printed retinal ganglion cells and glia from rats using a piezoelectric printer. An extruder system involves cold and hot components: the cold end feeds the material into the printer, while the hot end melts the material and forces it through the nozzle to attach to the surface onto which it is applied. Micro-extrusion printing is relatively inexpensive and fast, but reports indicate that cell viability may be lower than with inkjet systems. 67, 68 Alginate hydrogel is another commonly used material in bioprinting. Wu et al. 69 used an extrusion system to print a hydrogel consisting of HCECs, collagen, gelatin, and alginate and incubated it in sodium citrate-containing medium which enabled a higher HCEC proliferation rate and increased cytokeratin 3 (CK 3) expression as compared to alginate control. Alteration of the mole ratio of sodium citrate to sodium alginate allowed for control of degradation of the constructs. Laser-assisted bioprinting, in which reflected lasers are used to direct the deposition of bioink onto a surface, should also be considered as a potential system for corneal prosthesis or tissue creation, particularly for its accuracy and maintenance of cell viability. 70, 71 In 3D printing, materials are deposited in sequential layers until a 3D object is formed. 3D printing has traditionally been used to produce engineering prototypes, but there has been increasing application of 3D bioprinting in medical applications (Figure 2) . 72 Collagen is a popular material of investigation in 3D bioprinting. Collagen derived from fish scales, a waste product in the fishing industry, has been shown to have efficacy for replacement cornea scaffold formation. [73] [74] [75] [76] [77] [78] While there have been reports in the popular media of groups 3D printing corneas using fish scale-derived collagen, the scalability and refractive efficacy of pure-collagen implants have not yet been demonstrated in the literature. It is reasonable to expect a necessity for cell seeding in some form to populate the graft in a manner compliant with refractive requirements. Collagen has many desirable qualities such as lack of cytotoxicity, accommodation of corneal epithelial cells, and lack of inflammation inducement that may make it a suitable material for cornea creation using additive manufacturing techniques. [77] [78] [79] However, further investigation, particularly into the refractive properties of collagen scaffoldbased corneas and their long-term stability, is needed.
De Miguel et al. [80] [81] [82] [83] [84] and other groups have been investigating the use of autologous, adipose-derived stem cells for the treatment of keratoconus. Stem cells or autologous corneal cells are promising candidates for corneal bioprinting due to their adaptability and the minimal infection and rejection risks associated with their implantation. While the development of corneal 3D printing processes involving autologous cells could be of tremendous value to those with access to the technology, it is unlikely that such a development will significantly affect the accessibility of keratoplasty to those in developing countries due to its expensive and time-consuming nature. Decellularized ECM shows potential as a bioink upon which cell-laden construction may occur due to its ability to mimic natural ECM characteristics such as the flexibility and the ability to provide cues for cell engraftment, survival, and function. 85, 86 Ruzza et al. 87 demonstrated the usefulness of 3D printing technology in keratoplasty procedure by 3D printing a smart storage glide for the storage and delivery of posterior lenticules in Descemet stripping automated EK.
All of the materials discussed in this review have been 3D printed in one conformation or another either individually or in combination with other polymers, and they have potential for use in vivo. 33, [88] [89] [90] [91] [92] [93] [94] [95] [96] PVA is one of the materials with the most extensive 3D printing experience as it is commonly used as a support material in multi-extrusion printing due to its water solubility, ease of use, and inexpensiveness. 97 The printing of materials requiring a photoinitiator such as GelMA is of special interest due to the additional step needed for their polymerization. Such a process requires the balanced application of not only biological and chemical principles but also engineering expertise in designing a printer that employs extrusion heads and additional UV and/or visible light curing capabilities. 88 This process necessitates careful adjustment to get a product with the desired physical characteristics; this is further complicated if cells, which must remain viable, are being printed onto the scaffold. Depending on the process and materials employed, support material may or may not be necessary for proper shaping of the material. 94 The various characteristics of each material can have a great impact on its suitability for 3D printing and implantation, and the advantages and disadvantages associated with each should be investigated further.
Future directions
The concept of 3D bioprinting stem cells or collagen into a corneal scaffold is promising, and investigation into these areas would be prudent. The ability to regenerate the cornea with autologous cells could dramatically improve outcomes in patients. Potential advantages to the use of cell-based corneal replacements such as tissue-engineered matrices include relative resistance to immune rejection, inflammation, and infection, as well as extensive integration into the host tissue and formation of well-differentiated epithelia. 98, 99 Continued research into materials that can be used in keratoprostheses and their surface modulation is also warranted. The most overt ways in which 3D printing could be utilized in corneal transplant, outside of the printing of instruments and procedural items, are in the printing of a scaffold upon which cells are seeded (either in vitro or in vivo) and the printing of a synthetic or semisynthetic keratoprosthesis employing a "core and skirt"-like model with either different materials or the same material of differing porosities for the respective core and skirt components. In the authors' estimation, the former process would be inherently limited in its scalability due to the expensive and personalized nature of autologous cell use, and its ability to permeate remote regions would be limited consequently. In pursuing the latter, difficulties are likely to arise in attaining adequate integration not only of the host tissue into the skirt but also of the skirt and core components if different polymers are employed. It would be interesting to investigate the feasibility of printing a prosthesis comprising a synthetic core material and a semisynthetic skirt material (such as GelMA or its variant).
Bioengineering and 3D printing are likely to have a significant impact on the lives of the millions of individuals affected by corneal disease. While it remains to be seen whether the use of natural polymers, synthetic polymers, cell-based designs, or a combination of multiple components will prevail as suitable and preferable alternatives to allograft corneas, the development of improved technology and techniques and an increased understanding of ocular physiology will undoubtedly improve patient outcomes.
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Figure 2.
A concept map outlining the potential process involved in 3D printing an artificial cornea. Ultrasound (US) and optical coherence tomography (OCT) would be used to acquire the images upon which the model or artificial cornea is to be based; in cases of severely damaged or distorted corneas, US and OCT may primarily be of importance in gathering measurements relating to the surrounding structures. A 3D model is created from the acquired images through segmentation. The model is converted to standard tessellation language (STL) and sliced. Depending on which printing modality is chosen or developed for artificial corneal manufacturing, the model would be printed, likely through either an inkjet or extrusion-based system. The implant would then be placed by a qualified ocular surgeon in the same manner as a standard allograft.
